ABSTRACT In this paper, a class of all-metal cavity-backed slot array employing multiple layers, corporatefeed waveguide network, and coaxial-to-ridged waveguide transition is proposed. The frequency band flexibility of this class of array with a fixed aperture is demonstrated using the direct metal laser sintering (DMLS) technique. Given a fixed aperture, the nominal design operating at 15 GHz with a fractional bandwidth of around 10% can be easily modified to shift the operating frequency from 10.25 to 19.8 GHz. For verification, two designs operating at 10.25-11.8 and 16.9-19.8 GHz, respectively, are described and fabricated using the DMLS technique in AlSi 10 Mg. The measured results agree well with the simulated ones, which validated the design procedures and proved the reliability of using the DMLS technique to fabricate this class of antenna.
I. INTRODUCTION
Antenna arrays have attracted lots of attention in modern wireless systems such as satellite communication, marine navigation, radar tracking and detecting, etc. In practical applications, the space available for installing antenna is usually constrained by the system. Therefore, it is essential for antennas to possess relatively compact size and to achieve frequency flexibility for a fixed aperture in order to make use of the antenna aperture. Microstrip patch and slotted waveguide antenna arrays are commonly used due to the characteristics of low profile, easy fabrication, and efficient cost. Their operating frequency bands can be shifted by simply varying the sizes of the patch and slot. However, they have several drawbacks: 1) Microstrip patch antenna and substrate integrated waveguide (SIW) slot arrays suffer from high ohmic and dielectric losses and low radiation efficiency, especially at higher frequencies [1] - [3] . 2) They are narrowband due to the resonant characteristic of the patch and slot [4] - [7] . 3) Although slotted waveguide array possesses the advantages of high power handling capacity and low loss, series-feed structure is usually employed in this class of array and its long line effect limits the pattern bandwidth of the antenna [7] .
In order to alleviate these limitations, corporate-feed waveguide-based antenna arrays are favorably employed [9] - [11] . In addition, multi-layer structures are usually adopted to further increase the design freedom for a larger bandwidth. Conventionally, the multi-layer corporate-feed waveguide-based structure is split into different pieces, which are fabricated using the machine milling, die casting, or wire cut technique, and then assembled together using several screws and dowels [12] . But it is inevitable for hollow waveguide-based multi-layer structures that the energy will leak out through the gaps between the adjacent layer, leading to the decrease of the antenna efficiency. In [13] and [14] , the gap waveguide structure was employed in the multilayer antenna to prevent the energy leakage, but it may not be very time-and cost-efficient to fabricate using the traditional machining method. In [15] , diffusion bonding of laminated thin metal etching plates was employed to build a multi-layer waveguide slot array antenna, which can achieve an impedance bandwidth of around 10% in the 60 GHz band. However, this technique may not be suitable for antennas operating at lower frequencies with a relatively large size due to the difficultly of controlling a uniform pressure at high temperature. Fortunately, this limitation can be alleviated using the direct metal laser sintering (DMLS) technique. In [16] , measured results show that the gain of an 8 × 8 element multi-layer waveguidebased antenna array fabricated using the DMLS technique is improved by 1 ∼ 1.5 dB compared to the traditional milling method.
To further revive the fortune of the high efficient waveguide-based antenna presented in [15] , this work mainly focuses on demonstrating the frequency band shift of this class of array with a fixed aperture using the direct metal laser sintering technique so that more applications can be deployed in. The contributions of this work are as follows: 1) A new procedure enabling the operating frequency shift of the waveguide-based array with a fixed aperture is proposed and the design guideline is summarized, which are very useful for facilitating the design of the proposed structure operating at a desired frequency band. 2) Different from the previous designs [15] - [17] , ridged waveguide feed network and coaxial-to-ridged waveguide transition are employed for the considerations of network arrangement, impedance matching, and easy fabrication via the DMLS technique. It is shown that these complex structures that are previously difficult to fabricate can now be easily implemented using the DMLS technique.
3) The proposed class of antenna array is compact in size, and has the advantages of high gain, high radiation efficiency, and light weight. It is worth mentioning that although reflector antennas and horn antennas can achieve wider bandwidths compared to the slot array, they are large in size along the radiation direction, which are not suitable for the practical applications with the demands of compact structure and broadside radiation. Therefore, the proposed class of antenna array, its design guideline, and the demonstration using 3D printing technique are practically very useful in wireless system designs.
II. ANTENNA DESIGN A. OPERATING PRINCIPLE
To begin with, the nominal design in [15] operating at 60 GHz is now modified for the Ku band in this work for the detailed analysis and demonstration of the fabrication reliability using the DMLS technique. The structure of the 2 × 2-element subarray operating at 15 GHz is shown in Fig. 1 . As shown, four layers are successively bonded together, which consist of slot radiator, cavity, coupling slot, and feed waveguide layers. The length and width of the subarray are denoted as L and W , respectively. Four slot radiators are uniformly placed at the top layer with a distance of d in both x and y directions. Each slot has a dimension of L s × W s × H s . The waveguide at the bottom layer is employed to feed the structure, the energy is then coupled to the second upper layer through the coupling slot with the dimension of L a × W a × H a to properly excite the cavity mode and slots for radiation.
Periodic boundary walls are applied in this structure to examine the subarray performance using ANSYS High Frequency Structure Simulator (HFSS) in consideration of the mutual coupling between each slot radiator. Fig. 2 shows the E-field distribution inside the cavity at f = 15 GHz. It is seen that the cavity is divided into two halves by the stubs along the y direction, and TE 110 cavity mode is excited in each subcavity.
The effects of key parameters including slot width W s , slot length L s , and cavity width W c on the reflection coefficient of the subarray are investigated in Fig. 3 with a proper selection of L s . Therefore, the slot is responsible for the first resonance f s as well as the impedance matching of the proposed structure. Fig. 3 (c) implies that the cavity size attributes to the second resonant frequency f c . When L c is fixed at 29 mm and W c increases from 9.8 to 10.8 mm, it is seen that f c decreases from 16.1 to 15 GHz. These values are in good accordance with those calculated using the resonant frequencies of TE 110 cavity mode:
where c_light is the speed of light. It should be mentioned that when L c increases, f c shifts to a lower frequency as well.
In addition, the cavity height H c and the offset distance d f are also responsible for the matching condition. These analyses are omitted here for the sake of brevity. Although the two frequency resonances introduced by the slot and cavity can be controlled independently, they cannot be separated widely, as the reflection coefficient will be degraded. Generally speaking, its 10 dB impedance bandwidth is around 10%.
Although it is wider than the bandwidth of the traditional slotted waveguide array, it is still necessary to further extend the span of frequencies for a fixed antenna aperture in order to make use of the available space and to fit for more applications.
B. FREQUENCY FLEXIBILITY
In practical applications, the aperture available for installing antenna is generally limited and fixed. Therefore, it may not be suitable to employ reflector antennas due to their relatively large sizes although they can achieve wide bandwidth. In order to make use of the stipulated space, it is very essential to enable the proposed slot array antenna to shift the operating frequency at the desired band while keeping the antenna aperture unchanged. As discussed in the previous section, the impedance matching and two resonant frequencies of the proposed structure can be controlled independently. Therefore, it is expected that the proposed class of structure possesses the advantage of frequency flexibility without the scaling of the antenna structure. It is noted that the slot element spacing is fixed as d. In order to avoid the grating lobes of the radiation pattern, d needs to be less than 1λ. Therefore, the upper limit operating frequency should satisfy f < c_light/d.
On the other hand, the lowest operating frequency band can be approximately determined when the cavity size is maximized. In the proposed structure, L c and W c should be less than 2d and d, respectively. Based on (1),
As the first resonant frequency f s can be a bit lower than the resonant frequency of cavity mode f c , it is expected that the operating frequency of the proposed structure at least can be achieved within the frequency region
In addition, it should be mentioned that the cutoff frequency of the waveguide at the bottom layer should be always below the desired operating band. Based on the analysis, the following procedures may be considered to shift the operating frequency within the region of (3) while keeping the size of the antenna structure fixed. i) Lower the cutoff frequency of the feed waveguide below the desired frequency band.
ii) Change the slot and cavity sizes so that the two resonant frequencies are located within the desired frequency band.
iii) Improve the impedance matching by optimizing the key parameters such as
A few iterations may be invoked to obtain an optimum design. As an instance, we keep the width and length of the subarray as L = W = 30 mm and slot separation as d = 15 mm. Using (3), it is expected that the proposed structure can operate within the frequency region of ∼11 GHz < f < 20 GHz.
1) LOWEST OPERATING FREQUENCY BAND
As discussed above, the cutoff frequency of the waveguide at the bottom layer should be below the lowest operating frequency, which is around 11 GHz. One of the effective way to decrease the cutoff frequency is to increase the waveguide width W w . However, a wider waveguide may take up more space, leading to the difficulty of arranging the corporate-feed network. The other way is to employ ridged waveguide. Conventionally, it is very difficult or even impossible to fabricate the proposed array structure employing ridged waveguide as it would be very complicated for the multiple layers and ridged-waveguide feed network. Fortunately, this limitation can be effectively alleviated using the 3-D metal printing technique. Without the constraint of the traditional fabrication method, the proposed ridged waveguide-based structure operating at the lowest frequency band is depicted in Fig. 4 . The width and height of the metallic ridge are denoted as w r and h r , respectively. The cavity size is maximized in order to achieve the lowest cavity resonant frequency f c . It is worth mentioning that the slot at the top layer is changed to be H-shape, which aims to increase the current flowing path so that the first resonant frequency f s can be lowered down effectively.
Following the summarized guidelines, the optimized parameters are shown in the caption of Fig. 4 . The corresponding reflection coefficient is shown in Fig. 5 . It is seen that two obvious resonant frequencies are located at around 10.6 GHz and 11.6 GHz, respectively. The operating bandwidth for |S 11 | < −10 dB covers from 10.2 to 11.9 GHz. Fig. 6 shows the radiation patterns of the proposed structure in both xz-and yz-planes. It is seen that good broadside radiations with low cross-polarization are observed within the whole operating frequency band.
2) HIGHEST OPERATING FREQUENCY BAND
When the proposed structure is operating at its highest frequency band, it is not necessary to employ ridged waveguide and H-shape slot. The simplest way is to decrease the size of the cavity and the effective area of the slot. Based on (3), it is expected that the highest operating frequency of the proposed structure should be less than 20 GHz. Figs. 7(a) and (b) show the top views of the slot and cavity layers, and coupling slot and feed waveguide layers of the re-designed structure, respectively. The corresponding reflection coefficient is plotted in Fig. 8 . It is seen that two resonant frequencies are observed. The operating frequency for |S 11 | < −10 dB covers from 17 GHz to 19.6 GHz. In addition, Fig. 9 shows the radiation patterns in both xz-and yz-planes, which indicates that good col-and cross-polarizations are achieved within the whole bandwidth. Due to the element spacing less than 1λ, the grating lobes are suppressed effectively.
C. CORPORATE FEED NETWORK
The corporate-feed network is a 1-to-16 way power divider consisting of several H-plane T-junctions. The output signals are equal in amplitude and in-phase. A coaxial-to-ridged waveguide transition is employed to feed the network. The configuration of the corporate-feed network of the proposed antenna array operating at its lowest frequency band is shown in Fig. 10 . The metallic ridge is employed so that the width of the waveguide can be kept relatively small for the convenient arrangement of the network. The detailed structure of the 1-to-4 way power divider is plotted in Fig. 10(b) . The stub with width W m and length l m is chosen to improve the impedance matching. In addition, the coaxial-to-ridged waveguide transition is shown in Fig. 10(c) . The inner conductor of the SMA connector is in direct contact with the ridge. A small cylinder with radius of r 1 is attached below the ridge in order to improve the impedance matching, which can be easily fabricated using the DMLS technique. Fig. 11 shows the reflection coefficients of the corresponding 1-to-16 way power divider, coaxial-to-ridged waveguide transition, and coaxial-to-feed network. It is seen that all results are below −10 dB within the operating bandwidth of the subarray.
When the proposed array antenna is operating at its highest frequency band, the 1-to-4 way power divider of its feed network and coaxial-to-ridged waveguide transition are a bit different from Fig. 10 , and they are depicted in Fig. 12 . It should be mentioned that although it is not necessary FIGURE 11. Simulated reflection coefficients of 1-to-16 way power divider, coaxial-to-ridged waveguide transition, and coaxial-to-feed network of the proposed structure operating at its lowest frequency band. to employ ridged waveguide for a higher frequency band, a coaxial-to-ridged waveguide transition as a feed structure is still utilized in the proposed structure. In this way, the inner conductor of the SMA connector can be inserted into the metallic ridge for stabilization purpose. Otherwise, it is hard to accurately control the height of the inner conductor of the SMA connector, and the associated errors may severely degrade the antenna performance. Similarly, the corresponding reflection coefficients of the 1-to-16 way power divider, coaxial-to-ridged waveguide transition, and coaxial-to-feed network are shown in Fig. 13 , indicating that good results are achieved within the desired frequency band.
III. EXPERIMENTAL VERIFICATION
In order to validate the operating principle and frequency band flexibility of the proposed structure, two antenna arrays with the same aperture operating at the lowest and highest frequency bands, respectively, are fabricated using the DMLS technique, which was developed by EOS GmbH of Munich, Germany [18] . Over the last few years, this technique has received extensive attention and has been applied in many microwave components and antennas, such as waveguide hybrid coupler, power combiner, microstrip antenna, waveguide-based antenna arrays, etc. [19] - [23] . It is an additive manufacturing technique that can print very intricate structures directly in metal layer by layer with a shortlead time. Basically, the 3D computer-aided design (CAD) data of the structures are imported to the printing machine and converted to a series of 2D slice data of individual layers. According to the 2D slice data, a thin layer of metal power is spread over the building platform, the high intensity laser is then used as an energy source to bond power particles together by diffusion at the temperature below their melting point. Once one layer is completed, another layer of metal powder is deposited on top. The process repeats until the whole structure is built up. Fig. 14 shows the printing configuration of the antenna arrays. The material used here is aluminum alloy AlSi 10 Mg, which has the properties of high strength, good electrical conductivity, and light weight. It is worth pointing that in order to ensure the continuous printing, the proposed structures are placed at double 45 • slant angle with reference to the base platform. Otherwise, the whole structure will collapse if any discontinuity appears during the printing process. Additionally, supporter structures are prebuilt with the antenna array and they will be removed during the post-processing after printing. Fig. 15 shows the 3-D printed prototypes of the antenna arrays operating at the lowest and highest operating frequency bands. The structures are very light-weight, which are only 127.5 g and 135.5 g, respectively. The average surface roughness is around 10 µm. The printing time is only around 24 hours for each structure, which is very time-cost efficient. It is seen that although the structures are very complex due to their ridged waveguide, feed network arrangement, and multiple layers, they are perfectly printed in a single piece. An SMA connector is inserted into the ridged waveguide from the bottom layer. Four mounting holes are also printed on the back of each structure for the measurement purpose. It should be mentioned that although the commercial printer can allow the wall thickness as thin as 0.3 mm to be printed, the minimum wall thickness of 0.7 mm is chosen in our design in order to guarantee the good printing quality. Compared to the traditional milling method, the DMLS technique greatly reduces the fabricated time, cost, and weight of the prototypes. Fig. 16 shows the simulated and measured |S 11 | of the two antenna array prototypes. For the lower-band structure, the bandwidth of |S 11 | < −10 dB can cover 10.25-11.8 GHz and 10.5-12 GHz for simulated and measured results, respectively. For the antenna array operating at the higher band, the bandwidth ranges from 16.9-19.8 GHz and 16.8-19.75 GHz for simulated and measured results, respectively. It is worth noting that the lower-band structure suffers more deviations between the simulated and measured results than the higher-band one, which may be due to following reasons. First, compared to the higher-band array, the lower-band array employs a more complicated structure due to the ridged waveguide feed network, which is more likely to cause printing errors during the printing process. Second, the metallic ridge in the waveguide is significant to the operating frequency of the antenna, so that the printing tolerance of the ridged waveguide can result in the discrepancy of the simulated and measured results for the lower-band array. Third, the mounting tolerance of the SMA connector can also attribute to the discrepancy. Considering the complexity of the structure, printing error, and mounting tolerance of the SMA connector, these deviations are reasonable. Fig. 17 shows the directivity, gain, and total efficiency of both antenna arrays. For the lower-band structure, the simulated gain increases from 22.7 to 24.2 dB within the frequency band. The measured gain values are slightly lower than simulated ones, which is fairly reasonable due to the loss of the SMA connector. For the higher-band structure, simulated gain values are from 24.7 to 27 dB within the operating bandwidth. It is noted that the measured gain above 18 GHz is not given because the gain of the standard horn antenna in our anechoic chamber is only provided up to 18 GHz. However, the radiation patterns less than 20 GHz can still be measured in our chamber. It is clearly seen that both simulated and measured values agree very well with each other. Taking the radiation efficiency and reflection loss into account, the total efficiency (measured gain/simulated directivity) of both structures within the corresponding bandwidths are higher than 80%. The normalized radiation patterns with both col-and cross-polarizations of the proposed antenna arrays at 11 GHz and 19 GHz are plotted in Fig. 18 . Due to the large metallic platform for mounting the antenna in the anechoic chamber, the radiation patterns in the back side of the antenna cannot be accurately measured. Here, the measured radiation patterns within the angles of ±70 • are provided to compare with the simulated ones. It is seen that the results are in very good agreement; the cross polarization level of around 40 dB is achieved for both structures.
IV. CONCLUSION
A class of multi-layer corporate-feed cavity-backed slot array has been analyzed and the guideline of achieving the frequency flexibility at the desired frequency band has been summarized. Two antenna arrays without physical scaling operating at the lowest and highest operating frequency bands, respectively, have been demonstrated and fabricated using the DMLS technique. Experiment results have been analyzed and compared with simulated ones, which well validated the reliability of using DMLS technique to fabricate this class of multi-layer waveguide-based array. This work validates that given a stipulated and limited aperture, one is able to design a high-efficient and light-weight slot array at a desired band within a wide frequency span using the DMLS technique, which is very promising in the modern wireless applications. He also co-supervises the M.Sc. and Ph.D. students at the Electrical and Computer Engineering Department, NUS. One of his current interests is to leverage on recent advances in 3-D printing to develop low-loss novel microwave components and antennas. VOLUME 6, 2018 
